The concept of innovative ironmaking process for aiming at energy half consumption has been proposed based on the basic experiments and mathematical calculations. For innovative ironmaking process, intensive combustion technology around raceway was examined by hot model experiments and three-dimensional mathematical simulation so as to utilize solid fuel such as plastics effectively. As results, it became clear that simultaneous injection of pulverized coal/plastics or pulverized coal/gas fuels is favorable to improve combustion efficiency remarkably. Decrease in thermal reserve zone temperature and top gas recycling besides plastics injection are found to be effective for lowering coke rate. In this process, productivity can be also improved owing to relaxation of flooding condition in the lower part of blast furnace. Productivity of 3.5 and more, that is determined by fluidization condition at top, can be expected in this innovative ironmaking process. Totally, it is evaluated that amount of carbon emission would be reduced by eighty-six percent provided sequestration of carbon dioxide is implemented. Finally, integrated ironmaking process with co-generating oxygen production process was proposed.
Introduction
Minimizing of carbon dioxide emissions is considered to be an important subject in steel industry from the viewpoint of green-house problem. Japan Iron and Steel Federation has set a 11.5 % reduction in energy consumption as its goal for the year 2 010 compared with 1 990 against global warming in the voluntary action program. 1) In the reduction of CO 2 emissions, lowering of reducing agent rate in ironmaking process is a key technology. Recently, several operation results with low reducing agent in blast furnace have been reported. 2, 3) However, further developments are expected to decrease carbon dioxide emission to attain its target.
To reduce carbon dioxide emissions by reducing carbonaceous material, use of hydrogenous reducing agent such as waste plastics is so effective. The utilization of waste plastics in the blast furnace has been reported in several papers. [4] [5] [6] However, the massive combustion technology of waste plastics under the low oxygen excess rate is required for lowering reducing agent rate remarkably. Some studies on low temperature reduction of wustite or lowering carburization temperature of metal have been reported. 7, 8) These studies are useful with the intention of decrease in reducing agent rate by low temperature operation of blast furnace. Top gas recycling process has been also proposed to decrease reducing agent rate. [9] [10] [11] [12] Although these are valuable as an individual technology, it is desirable to propose integrated process for an innovative blast furnace to attain the target of steel industry mentioned above. This paper describes simultaneous injection of pulverized coal/plastics and solid/gas fuels to optimize the solid fuel combustion as massive combustion technology under low oxygen excess ratio. Combustion efficiency of pulverized coal and plastics particle are optimized by hot model experiments and three-dimensional mathematical simulation. Then, several operational parameters of innovative blast furnace such as effect of hydrogen, control of thermal reserve zone temperature and top gas recycling are evaluated on the basis of material and heat balance calculation. Finally, possible innovative blast furnace characterized by massive waste plastics injection, low temperature reduction and top gas recycling under high productivity is projected. Moreover, integrated ironmaking process with co-generating oxygen production process was proposed.
Optimization of Solid Fuel Combustion

Concept of Simultaneous Injection of Pulverized
Coal and Waste Plastics As mentioned before, development of intensive injection of plastics under the low oxygen excess ratio is critical technology to realize innovative blast furnace. According to ISIJ International, Vol. 44 (2004) , No. 12, pp. 2168 No. 12, pp. -2177 the former studies, optimization of arrangement of injection lances or use of pure oxygen so called oxy-coal lance are so effective to enhance solid fuel combustion like pulverized coal. Effective use of oxygen nearby coal particles is intended in these methods. However, available oxygen is limited in the case of innovative blast furnace with low reducing agent ratio due to decrease in specific blast volume. Under such condition, other promising intensive combustion method must be developed. Figure 1 shows a concept of simultaneous injection method. In this method different size or kind of fuels are used. Pulverized coal, plastics and reducing gas are injected simultaneously from the tuyere. Each fuel has their features such as combustibility and ignition rate. It is important to make use of such features of each fuel as much as possible.
Improvement of Combustibility by Simultaneous
Injection of Pulverized Coal/Waste Plastics Waste plastics are one of ideal reducing agent for coke because it contains relatively high hydrogen, so carbon emission can be reduced if massive plastics injection is realized. Moreover, use of "waste" plastics as a reducing agent in ironmaking process contributes to environmental conservation compared with use in conventional incineration process.
One of the important subjects in plastics injection is inferior reactivity of unburnt char derived from plastics. Figure  2 shows the reaction rate of unburnt char per unit ascending distance. These reaction rates of unburnt char are estimated considering the effect of residence time in coke packed bed and gasification rate. It is clear that the reaction rate of char from plastics is about half that of the coal char. The residence time of char from plastics is estimated to be longer due to its larger diameter, however the gasification rate will be small because of its fairly small specific surface area. Therefore since it is difficult to consume effectively unburnt char derived from plastics as reducing agent in blast furnace, it will accumulate in the lower part or simply discharge from the top of blast furnace. It possibly causes the problem of low permeability or increase in coke rate. To avoid these situations, waste plastics must be so sufficiently consumed in raceway. Large plastics particle can keep longer residence time in raceway as reported previously. 4) Generally, plastics are difficult to pulverize. Then, large particle injection over 1mm is convenient in commercial process. 4) However, in the blast furnace aiming at very low reducing agent rate, waste plastics must be injected as much as possible. Figure 3 shows an example of a combustion behavior of plastics particle in the blowpipe. Agglomerated plastics of approximately 5 mm in diameter are injected into hot blast with temperature of 1 200°C. This photograph is taken through the observation hole located at a position of 300 mm from the injection lance tip in the blowpipe. As shown in this figure, the plastics particle could not ignite in the blowpipe. Figure 4 shows a calculated temperature of pulverized coal and plastics particle in blowpipe. Temperature of particle is calculated considering particle velocity in blowpipe, heat convection through interface of fluid/solid and heat conduction inside particle. In the case of plastics, temperature of particle is rather low due to specific small surface. Figure 5 shows the change of particle velocity in the blowpipe after injection. The particles of plastics are slowly accelerated in comparison with pulverized coal because of its large mass and diameter. From this result, the authors have proposed a process to inject both pulverized coal and plastics simultaneously. Concept of this injection method is shown in Fig. 6 . Larger particles are inferior in ignition but residence time in combustion zone is longer. Behavior of pulverized coal is opposite. So, combustion efficiency of pulverized coal can be increased when pulverized coal particles adhered on plastics due to the prolongation of its residence time. Then, generated heat by pulverized coal combustion can promote the plastics gasification and combustion. Figure 7 shows an appearance of normal and pulverized coal adhered plastics. Pulverized coal adhered plastics are made by mixing in atmospheric temperature. As shown in this figure, it is proved that pulverized coal particles easily adhere on plastics particle even in such a simple method. Figure 8 shows the effect of simultaneous injection on the total combustion and gasification efficiency of the mixture of plastics and pulverized coal. As previously reported, combustion and gasification behavior of plastics in raceway is similar to coke. Combustion and gasification efficiency of coarse and rigid plastics is large. On the other hand, combustion and gasification efficiency of fine or breakable plastics (agglomerated plastics) is small. However, combustion and gasification efficiency of fine or agglomerated plastics is greatly enhanced by using this simultaneous injection method.
Injection of Solid/Gas Fuels Combustion heat of gaseous fuel is considered to be available to accelerate solid fuel combustion because ignition of gaseous fuel is fast. To make sure this concept, combustion behavior of solid and gaseous fuel is studied using 3-dimensional simulation model. Outline of the model such as arrangement of injection lances and calculation range is described in Fig. 9 . In this model, solid fuel and gaseous fuel are injected through the lance into blowpipe and combustion behavior in blowpipe can be examined. Conditions such as blast temperature, blast volume and oxygen concentration are set as actual blast furnace. Region of calculation is set at 500 mm from injection lance tip. Conservation of mass, conservation of momentum, conservation of energy and k-epsilon turbulence model are used to solve fluid flow. Interaction between fluid and particle flow based on particle drag force is also considered. Methane gas used as a gaseous fuel because methane is major component of liquefied natural gas that can easily obtain and is so effective to reduce coke rate compared with other reducing gases. Figure 10 shows effect of various reducing gases on the coke rate estimated by material and heat balance calculation. Methane, coke oven gas and hydrogen are compared as practical reducing gases. Temperature of reducing gases are set at 25°C and flame temperature is controlled at 2 000°C by adding oxygen properly. Maximum injection rate is determined when oxygen concentration in blast reaches 100 %. From this figure, it is clearly confirmed that reduction of coke rate is significant by using methane gas. Figure 11 shows calculated results of carbon monoxide distribution. Upper figure shows the result in the case of simultaneous injection of pulverized coal and methane gas, and bottom figure shows the result of pulverized coal injection. Total injection amount is set at 250 kg/t in each case. In the case of simultaneous injection of methane gas and pulverized coal, carbon monoxide gas generation is faster than that of pulverized coal injection. Carbon monoxide gas is generated as a result of combustion reaction. Therefore, generation of carbon monoxide gas can be an index to estimate combustion rate. Figure 12 represents a calculation result of gas temperature in the blowpipe. In the case of simultaneous injection of methane gas and pulverized coal, rapid increase in temperature can be seen compared with pulverized coal injection. This phenomenon also shows the effectiveness of simultaneous injection of solid/gas injection. Thus, effect of simultaneous injection on combustion efficiency of injected fuels is verified.
Relationship of Blast Furnace Operational Condi-
tion with the CO 2 Emission 3.1. Evaluation of CO 2 Emissions with Operation Parameters Besides the intensive combustion of injected fuels, it is important to determine the operational conditions to ensure the minimum carbon dioxide emission. In this section, effect of several operation parameters on the carbon dioxide emission is estimated by material and heat balance calculation. Calculations are carried out based on modified RIST diagram that can consider top gas recycle. 14) Figure 13 shows an operation diagram using this calculation. Conventional blast furnace and innovative blast furnace with top gas recycling are compared in this figure. Blast furnace is divided into two parts at the level of upper end of processing zone and material and heat balance are calculated in each parts. Reducing gas in top gas is injected to both upper and lower part in the case of innovative blast furnace. It is assumed here that iron oxide is reduced till wustite in upper part and direct reduction reaction occurs only in processing zone. Coordinates of W point that represents equilibrium gas composition of wustite and metallic Fe reduction depends on the temperature of thermal reserving zone (TRZ). TRZ is set at 950°C and 750°C in conventional blast furnace and innovative blast furnace respectively. In processing zone, operation diagrams go through P or PЈ that are called thermal pinch point and W or WЈ on the assumption that shaft efficiency is 100 %. Blast volume is determined by the segment OE or OEЈ and flame temperature is calculated by plastics injection rate, top gas recycling rate and blast condition. In the case of innovative blast furnace, preheating gas was injected to control heat flow ratio in upper part. Therefore, gradient from WЈ to AЈ becomes steeper because of increase in reducing gas volume. VЈ is shifted towards upper direction compared with V because heat loss is set low owing to low temperature operation. Although apparent reducing agent rate (sum of coke rate, plastics injection rate and top gas recycling rate) corresponds to gradient of segment EЈ WЈ is increased, amount of coke and plastics can be reduced considerably. Table 1 shows a comparison of reduction of carbon dioxide emission. Use of hydrogenous reducing agent such as hydrogen, coke oven gas, methane gas, pulverized coal and particularly plastics is effective to reduce carbon emission. Hydrogen content of coke is only about 0.5 %, so using these hydrogen rich reducing agent can promote hydrogen reduction, and is so effective to reduce carbon dioxide emission.
In addition, decrease in carbonaceous material by reduction of required energy is basically needed. To decrease required energy, low temperature operation such as lowering hot metal temperature or thermal reserve zone temperature is effective. Moreover, top gas recycling process could be effective. Apparent gas utilization efficiency can be increased to 100 % because only reducing gas in top gas is injected from tuyere and only sequestrated carbon dioxide is emitted. Figure 14 shows the effect of plastics injection on the carbon emission calculated by material and heat balance calculation for example. Where composition of plastics is assumed to be -(CH 2 )-n , or content of hydrogen is three times as large as coal. Total injection amount of plastics and pulverized coal is set at 250 kg/thm and flame temperature and moisture in blast are kept constant by controlling oxygen enrichment. In the figure effect of flame temperature is also shown, however effect of flame temperature on the carbon emission seems to be not important. According to Fig. 14 , as plastics injection rate (PLR) is increased, amount of exhausted carbon is decreased remarkably. Thus, solid fuel such as plastics that has high hydrogen content and high calorific value is found to be effective to reduce CO 2 emission. Figure 15 shows the effect of thermal reserve zone temperature and heat loss on carbon emission where pulverized coal injection rate, theoretical flame temperature and moisture in blast are kept constant at 250 kg/thm, 2 000°C and 20 g/Nm 3 respectively. As thermal reserve zone temperature decreased, carbon emission can be greatly reduced. Factor contributing this reduction is considered to be the shift of chemical equilibrium of metallic iron and wustite. When the equilibrium temperature decreased, reducing gas utilization ratio is improved. Decrease in thermal reserve zone temperature can be attained by using high reactivity coke. In the case of low temperature operation of blast furnace, decrease in heat loss from blast furnace can be also attained by decrease in thermal reserve zone temperature and decrease in hot metal temperature. It is clear that effect of decrease in heat loss on carbon emission is considerable from Fig. 15 .
Effect of Hydrogenous Reducing Agent on CO 2 Emissions
Effect of Low Temperature Operation on CO 2 Emissions
As shown in this figure, low temperature operation of blast furnace is also effective to reduce carbon emission.
Evaluation of Carbon Dioxide Emissions in Vari-
ous Operation Conditions Case study to estimate the amount of carbon emission is carried out. Effect of moisture addition to blast, temperature of thermal reserve zone and hot metal, slag rate, pre-reduced sinter and top gas recycle on the CO 2 emission is quantified by similar calculation. Table 2 shows calculation conditions and Fig. 16 shows result of calculation. Ten cases are calculated where blast temperature is maintained at 1 200°C and oxygen concentration and moisture in blast are controlled to keep given flame temperature. Exhausted carbon amount is decreased in due order except case II. Case II represents high moisture addition operation intended to promote hydrogen reduction. However, increase in moisture addition results in considerable increase in coke rate due to heat compensation for endothermic reaction of hydrogen reduction of wustite and water gas reaction. On the contrary, cases using plastics as a source of hydrogen, case III and up show better results. Lowering reserve zone temperature (case IV), use of pre-reduced sinter (case VIII) and top gas recycling (case IX) are effective in particular. In case X, reduction of nearly half amount can be attained.
Design of Innovative Blast Furnace Process Considering Top Gas Recycling
Effect of reducing gas injection from tuyere on combustion efficiency of solid fuel has been proved, and reducing gas injection is considered to be effective to decrease reducing agent rate in the above discussion. Therefore, combination of top gas recycling and innovative blast furnace is discussed as an optimized case. Figure 17 shows a schematic drawing of the process. Oxygen concentration in blast must be increased because top gas injection from tuyere results in decrease in flame temperature. This process is basically similar to the oxygen blast furnace proposed by several researchers, [8] [9] [10] [11] however this case is characterized by massive plastics injection, low thermal reserve zone temperature and low hot metal temperature. Shaft gas injection is also needed to decrease heat flow ratio at upper furnace due to decrease in sensible heat of nitrogen in hot blast. Carbon dioxide and moisture in top gas are removed before recycling.
Several material and heat balance calculations are carried out using an improved RIST diagram that can consider top gas injection from tuyere and shaft. The results are shown in Fig. 18 . Change in carbon emission, reducing agent rate and theoretical flame temperature by top gas injection rate from tuyere are shown in this figure. All these values tend to decrease as increase in top gas injection rate. Considering lower limit of flame temperature, top gas injection rate is set at 400 Nm 3 /thm. Then, Reducing agent rate can be decreased by 34 % compared with ordinary blast furnace. Carbon emission rate can be also decreased by 25 %. If the process for sequestration and fixing of carbon dioxide can be developed, 86 % of carbon emission will be reduced.
Moreover, productivity of optimized innovative blast furnace is studied. Figure 19 shows flooding diagram. Stable operation can not be continued upper region of flooding limit line indicated in the figure because droplet of slag and metal is carried over along with gas flow. Although productivity of conventional blast furnace tends to be controlled by flooding limit, however in this process, flooding condition is not critical because oxygen blast decreases amount of bosh gas rate. Productivity of optimized innovative blast furnace may be controlled by fluidizing condition at top instead. Although fluidizing limit depends on the diameter of raw materials, it is estimated that productivity of 3.5 and more is available in this process. Table 3 shows an operational condition of optimized innovative blast furnace compared with conventional one based on above mentioned calculations. Increase in productivity is remarkable because blast volume is decreased remarkably by oxygen blast. Upper limit of productivity is determined by not flooding but fluidization condition at top. A large scale and commercially viable oxygen separator must be developed because 207 Nm 3 /thm of pure oxygen is needed. On the other hand, hot stoves are unnecessary. Exhaust carbon can be reduced by 25 % in ordinary case, but 86% will be reduced when sequestration and fixing of carbon dioxide will be commercially available.
Carbon Balance in Integrated Iron and Steelmaking Works
Ironmaking process plays an important role as a source of energy in steelmaking plant. In this section, energy supply to down stream as well as carbon emission are estimated. Figure 20 shows relationship between carbon emission from ironmaking process and energy supply to downstream. Calculations are carried out using material and heat balance model as mentioned before under the conditions of conventional blast furnace and innovative blast furnace. As one of the main features of innovative blast furnace, top gas recycling is considered. Amounts of carbon emission in decarbonated top gas recycling and in untreated top gas recycling are estimated separately. Carbon emission from ironmaking process can be estimated by adding carbon emissions from sinter plants, coke ovens, hot stoves and blast furnaces. Recoverable carbon such as tar from coke oven is subtracted. Energy supply to downstream is also estimated by subtracting total energy of blast furnace gas and coke oven gas from energy consumed in ironmaking process. Generation rate of coke oven gas and carbon emission from sinter machine and coke ovens are properly assumed in this calculation.
As shown in Fig. 20 , not only carbon emission from ironmaking process but also energy supply to down stream are decreased in the case of innovative blast furnace with top gas recycling even in without carbon dioxide sequestration compared with conventional blast furnace. In the case of innovative blast furnace with carbon dioxide sequestrated top gas recycling, energy supply to down stream goes down to around zero. It is obvious that saving energy at down stream of iron and steelmaking works is required to realize innovative blast furnace aiming at energy half consumption and decrease in carbon emission.
Concept of Innovative Blast Furnace Integrated with Co-generating Oxygen Production System
Low temperature operation, massive injection of plastics under low oxygen excess ratio condition and top gas recycling are the key technologies for the innovative blast furnace. Apart from these, development of commercially viable process for oxygen production and sequestration of carbon dioxide is necessary.
Recently, oxygen separation by membrane filter is under development. 15, 16) This method can separate oxygen through inorganic membrane inexpensively compared with low temperature separation and pressure swing adsorption methods. Concept of integration of innovative blast furnace and oxygen production system is described in Fig. 21 . Oxygen transfer can be enhanced under conditions of high temperature of about 900°C and high oxygen partial pressure. Therefore, a part of top gas is burned in partial combustion chamber to heat up air. Top gas pressure is recovered by turbine to generate power and power is used to compress the air or at other plant such as carbon dioxide sequestration. Oxygen separated in this process can be used at innovative blast furnace. This process can be efficient ironmaking system characterized by integrated blast furnace process with co-generating oxygen production.
Conclusions
Concepts to realize innovative blast furnace with minimum CO 2 emission are successively projected. The main technical features making this innovative blast furnace possible are the following;
(1) Simultaneous injection of solid/solid fuel using particle size difference were developed in the critical low oxygen excess ratio. Combustibility of small particles such as pulverized coal can be improved when they adhered on large particles thanks to prolongation of their residence time. Then, generated heat by combustion of small particle can promote the gasification and combustion of large particles.
(2) Simultaneous injection of solid/gas fuel was developed. Combustion heat of gaseous fuel was considered to be available to accelerate solid fuel combustion because ignition of gaseous fuel is rapid.
(3) Use of hydrogen rich reducing agent such as hydrogen, coke oven gas, methane gas, pulverized coal and par- ticularly plastics and promoting hydrogen reduction is so useful to reduce carbon dioxide emission. (4) Low temperature operation of blast furnace is also favorable to reduce carbon emission for example decrease in thermal reserve zone temperature and heat loss from the blast furnace.
(5) Top gas recycling process could be effective. Apparent gas utilization efficiency can be increased to 100 % if only reducing gas in top gas is injected from tuyere and only sequestrated carbon dioxide is emitted.
(6) To combine with efficient oxygen production process, integration of innovative blast furnace and co-generating oxygen production system was newly proposed.
As a whole, it is expected that 86 % of exhaust carbon can be reduced in optimized innovative blast furnace with top gas recycling and sequestration and fixing of carbon dioxide. Productivity can be also enhanced due to relaxation of flooding condition in this process. Productivity of 3.5 and more can be attained in this innovative ironmaking process. This innovative blast furnace enables to solve global warming problem in future.
